Introduction
Atmospheric aerosols play an important role in the Earth's radiation budget and therefore on the climate system (Haywood and Schulz, 2007; Intergovernmental Panel on Climate Change (IPCC), 2007) . Aerosols scatter and absorb incoming solar radiation thus affecting the radiative transfer in the atmosphere. They can also act as condensation nuclei (Cruz and Pandis, 1997) modifying the microphysical and radiative characteristics of clouds. These effects are strongly dependent on the physical and radiative properties of the aerosols; therefore it is important to increase our knowledge of their global distribution and inherent properties by continuous monitoring and characterization.
Aerosol observations from international networks (such as AERONET (Holben et al., 1998) , SKYNET and ESR (Campanelli et al., 2012; Estellés et al., 2012) ) located in marine or coastal environments may be more important than continental sites as the direct effect of aerosols on the global mean land temperature could take place through their effect on the global sea surface temperature (Hoerling et al., 2008) . Therefore the Atlantic Ocean could be especially important (Zhang et al., 2007) and an aerosol climatology of the European Atlantic shores useful for parameterising climate models, especially when ship borne data is unavailable (Smirnov et al., 2011) . Sun photometric data from the Northern Atlantic coastal environment are scarce: AERONET sites in the region have shorter combined databases, and tend to be plagued by clouds in the northernmost stations, reducing the amount of useful data.
This paper presents an eight year sun photometric database retrieved at the Plymouth Marine Laboratory (50 21.95 0 N, 4 8.85 0 W) an ESR site situated in the western English Channel (http:// www.westernchannelobservatory.org.uk). The sun photometric data has been processed for a range of aerosol optical properties and the focus of this study is their temporal variability within the context of an aerosol climatology.
Measurement site and instrumentation
In May 2000 a Prede POM01L radiometer was deployed on the roof of PML (50 21.95 0 N, 4 8.85 0 W, 30 m above sea level). The PML building is located only 250 m away from the Plymouth Sound shoreline, south of the city of Plymouth (pop. 250,000). Local sources of anthropogenic pollution are the low traffic and port activities. Remote sources of anthropogenic pollution could be attributed to continental Europe and occasionally from other UK urban areas, but these are generally located downwind of the prevailing wind direction. Main sources of local natural aerosols are expected to be the Atlantic Ocean (marine aerosols) and the surrounding countryside (rural aerosols).
The POM01L is an automatic sunesky radiometer designed for the autonomous measurement of direct solar and diffuse sky radiance. The optical head is equipped with a set of interferential filters whose transmission function is nominally centered at wavelengths 315, 400, 500, 675, 870, 936 and 1020 nm. The full width at half maximum (FWHM) is about 10 nm for the visible band channels. The diffuse sky radiance is not measured with the 315 and 936 nm channels. The optical head is also equipped with a 0.6 field of view (FOV). Such a small FOV requires an accurate sun pointing and tracking system: this is based on a four diode compensation electronic design. This pointing system is allocated in a parallel tube and it is attached to the optical head altogether with the main collimator, allowing easy adjustment.
The Prede POM radiometer is the standard instrument used in the SKYNET network in Asia and one of the standard instruments in the European Skynet Radiometers network (ESR) (Estellés et al., 2012) .
Due to its continuous environmental exposure, the radiometer detector, filters and electronics are progressively degraded, causing a temporal drift of the calibration coefficients. Given that sunesky photometers measure in two different configurations e direct solar and diffuse sky radiation e they require two types of calibration.
Solar calibration
In the SKYNET and ESR networks, the calibration of the POM radiometers is performed by applying the Skyrad Improved Langley Plot technique (Campanelli et al., 2004 (Campanelli et al., , 2007 . Campanelli et al. (2004) estimated the calibration uncertainties using the improved method to range between 1.0% for 400 nm and 2.5% for 1020 nm. These values are very similar to that from AERONET for field instruments (Holben et al., 1998) , stated to be 1.0e2.0%, which undergo a rigorous annual laboratory calibration regime.
From the resultant SKYIL calibration factors, monthly calibration averages were computed. Monthly averages were calculated if more than three values were available. These monthly mean values were fitted with lines, after visually identifying changes in trends or non linearity in their temporal evolution. Ten different calibrations sets were identified in this way. Estimated uncertainties of 1.8, 2.0, 2.2,1.9 and 2.2% (at 400, 500, 675, 870 and 1020 respectively) were found for the definitive calibration ensemble. These spectral uncertainties were estimated as the root mean square deviation between all the fitted points and the correspondent fitted lines, and expressed in terms of the extraterrestrial constant for the instrument. The mean annual relative drift was estimated to be À3.0, À2.8, À1.7, À1.1 and À1.7%, for the period from 2001 to 2006 (at 400, 500, 675, 870 and 1020 respectively). Fig. 1 shows the calibration series for the 500 nm channel. The linear fittings to the mean monthly values are interpolated in order to extract the correspondent values on the 15th of every month. These are the actual calibration values used in the inversion code (corrected by the SuneEarth distance factor) and can also be visually compared here with the original data points.
In the upper plot of Fig This ability to spot sudden changes of calibration values (and therefore instrumental problems) is one of the main advantages of the SKYIL in situ calibration method. Although a linear decay is usually a good (and robust) hypothesis, it occasionally fails; an enhanced in situ calibration method is a good solution for tracking non-linear drift trends, while maintaining a rather low uncertainty (1.0e2.5%) similar to that of AERONET field instruments (1.0e2.0%) and much lower than the standard Langley plot, that could reach a variation of 10% when performed at sea level (Shaw, 1976) .
In Table 1 the ten different calibration series have been detailed for wavelength 500 nm. Pre-and post-calibrations and correspondent starting and ending dates are given. The estimated monthly calibration drift is also included. The average absolute monthly drift is AE0.4%/month, and it is very dependent on the state of the lenses and the pointing system. Moreover, in Table 1 calibration factors for series 8 and 9 are not given due to problems with the optical head electronics. Although some data from these series could be still inverted, no good quality calibrations were available so the whole data series have been dismissed. Furthermore, only one calibration set has been employed for series 7. It looks reasonable to assume the same calibration for the whole series, as it was only 1.5 month long.
Diffuse sky calibration
Accurate calibration of the diffuse component in a skyesun radiometer requires comparison with a known and traceable radiation source. For example, AERONET uses a 2 m diameter integrating sphere with 12 lamps that allow different levels of radiant intensity with an uncertainty of about 5.5% (Holben et al., 1998) . However the cost of this type of calibration system is very high and usually independent research groups make use of small calibration sources with a single lamp. The related uncertainty is obviously higher in the latter case.
The Prede instrument uses another principle for the calibration of the diffuse radiance: this is done by determining it spectral solid view angle (SVA). This should be performed periodically for optimum performance of the instrument. The SVA is mainly determined by the geometry of the collimator tube and the optical head.
However, other factors (such as optical train misalignment or diffraction and color aberrations from the lenses, for example) affect the SVA values. The estimation of the SVA values can be performed by a spatial scanning of the clear sky solar disk which provides better stability and collimation than any laboratory source. This procedure has the added advantage of being applicable in situ (Boi et al., 1999) .
Methodology

Radiance inversions
This work uses the SKYRAD algorithm version 4.2 for the retrieval of optical and radiative aerosol properties. Previous SKY-RAD versions are described by Nakajima et al. (1983 Nakajima et al. ( , 1996 . Extensions in version 4.2 include the retrieval of aerosol refractive index.
The SKYRAD algorithm retrieves the aerosol size distribution, phase function and single scattering albedo, when the ratio between sky diffuse and sun direct signals is inverted (instead of the radiometric diffuse radiance). At ground level, the direct and diffuse components are given by:
In these equations, F is the spectral direct sun irradiance (W m À2 mm
À1
) and E is the spectral diffuse sky radiance
). P(Q) and u are the total phase function and single scattering albedo respectively. Equation (1) is the BeereLambert equation relating the ground level measurement of direct irradiance to the extraterrestrial value F 0 . F 0 is also the calibration factor in terms of irradiance after being corrected for the SuneEarth distance. The total optical depth is given by d(l) and the optical air mass by m 0 .
Equation (2) relates the diffuse sky radiance to the total phase function of the molecular and particulate ensemble that describes the angular dependence of the scattered radiation, in terms of the scattering angle Q. In this equation, q(Q) is the multi-scattering contribution, that is simulated by the Reduced Multiple Scattering algorithm (REDM), an optimized radiative transfer code developed by Nakajima et al. (1983) for a plane parallel atmosphere. Moreover, the relationship between the total air ensemble of the particulate and molecular aerosol optical depths is given by:
From Equations (1) and (2), the ratio R(Q) can be defined and written as:
In Equation (4), b(Q) has been defined as the total scattering coefficient, which includes both molecular and aerosol scattering. The algorithm iteratively extracts the multiple scattering term q(Q) from the data R(Q) to retrieve b(Q). In each of these steps, the algorithm retrieves the aerosol size distribution v(r) by inversion of b(Q) and d(l). In turn, this new v(r) is fed into the RTM for estimating a new ratio R 0 (Q), and is compared with the experimental ratio R(Q) to evaluate the mean squared difference 3(R). The iterative process is stopped when this deviation is less than 10% (solution accepted), or the maximum 10 iterations are exceeded (solution rejected). Cloud screening filters based on lateral symmetry (such as the method used by AERONET) cannot be applied to this PREDE database, because only one side of the solar almucantar plane was measured. Auxiliary instruments (such as all sky imagers, pyranometers or pyrgeometers) are not available at the site, preventing the application of other elaborated cloud screening methodologies. Therefore, the automatic acceptance/rejection of diffuse data is implicitly performed by the application of the previous convergence threshold 3(R) between experimental and retrieved data. When the sky is not cloud free, the deviation between experimental and retrieved radiance is high and the iteration is stopped. Specific situations with thin and homogeneous cirrus clouds cannot be discarded with this method. However, these cases are difficult to identify with the other methods too.
Air mass characterization
In this study the Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT; February 2009 version) developed by NOAA (Draxler and Rolph, 2009 ) was used to determine the origin of air masses affecting Plymouth. The HYSPLIT trajectories are computed as those ending at three different levels over the Plymouth site. These levels were 500, 1500 and 3000 m asl. The HYSPLIT simulations were run for a flight time of 120 h . A 3D model of vertical velocity (Draxler, 1996) was used and the National Centre for Environmental Prediction/ National Centre for Atmospheric Research (NCEP/NCAR) reanalysis database chosen for the meteorological field input data. Using this configuration the back trajectories finishing at 1200 GMT over Plymouth for each day containing aerosol data were computed.
Specific source/path regions were defined following meteorological definitions from the UK Met Office. These classes are shown in Fig. 2 . Class Am is Arctic maritime, carrying predominantly maritime aerosols, with a low contribution of rural or anthropogenic aerosols. Pm is Polar maritime: typically it is a north-westerly airstream, originating over northern Canada and Greenland and characterized by low loadings of maritime aerosols. Tm is Tropical maritime: this is a southwesterly airstream coming from the Azores region. This type is very infrequent in the analyses presented in this study. It is likely to contain maritime aerosols associated with high water vapor content. rPm is returning Pm air mass but here it is more frequently represented as a transition type between the Pm and Tm. Tc is defined as a Tropical continental air mass originating over northern Africa, and has the potential to carry Saharan mineral dust. However most of the coarse mode aerosol content could have been deposited on transit to the UK. A certain amount of anthropogenic aerosols could also be carried from Western Europe. Finally, classes Ac and Pc are subtypes of the Polar continental air mass and have been defined separately to identify any differences in the degree of anthropogenic urban and industrial aerosol loading from Europe. In general, the Pc class should be affected by urban and industrial pollution, and rural aerosols.
The categorization of the computed daily back trajectories was carried out by visual inspection. Only cases that were consistently classified for the three levels have been considered, representing 48% of the total 314 cases.
Results
Temporal evolution
4.1.1. Aerosol optical depth (AOD) Fig. 3a shows the annual evolution of the daily averaged AOD at 500 nm over the eight years of measurements performed in Plymouth. A total of 314 daily averages are available implying less than 10% of total days have been successfully measured or inverted. Weather in Plymouth is highly variable with frequent low, thick clouds and occasional mists preventing optical aerosol retrievals. Many of these 314 days have a poor time resolution due to cloud evolution. However the high frequency of radiance measurements (every 10 min) employed at the site maximized the chances of finding cloudless intervals and successful retrievals. Days with less than 2 valid hourly means are rejected in this seasonal analysis; the hourly averages are also rejected if they do not contain more than two instantaneous measurements.
Analysis of the 500 nm channel has been chosen because it is widely quoted in sun photometric and remote sensing applications, and is generally representative of visible band wavelengths. In spite of the low number of daily measurements in Fig. 3a the variability of aerosol events can clearly be seen, with a relatively smooth annual cycle displayed in comparison to continental sites. Aerosol loadings tend to be reduced in winter (December, January and February), but there is little to separate the spring (March, April and May), summer (June, July and August) and autumn (September, October and November). This is shown clearly in Fig. 3b . The annual mean and median AOD at 500 nm were 0.18 and 0.19, with a mean standard deviation of 0.08. Some of the high outliers are possibly caused by cirrostratus or mists whose influence could not be completely discarded. But the data spread throughout the year is caused by the high day-to-day atmospheric variability typical of the coastal mid-latitudes, as opposed to remote oceanic areas that are characterized by a more stable atmospheric situation .
It is interesting to highlight the particular high AOD found during March and August 2003. During mid March 2003, a pollution event was recorded from the UK urban air monitoring network (Kent, 2003) and was mainly related to eastern European air masses. During the first half of August 2003, Western Europe suffered a severe and persistent heat wave related to the arrival of an air mass originating over North Africa (Lyamani et al., 2006) . This air mass was responsible of the arrival of fine particles from the numerous forest fires that occurred in south-western Europe and perhaps also brought mineral dust from the Sahara. This event occasioned the extreme maxima found in Fig. 3 . Fig. 3b shows generally higher AOD in the spring and summer months. The spring and summer months are characterized by more intense solar heating: this has the effect of deepening the boundary layer (effectively increasing the aerosol pathlength) and also introducing more aerosol particles into the lower atmosphere by increasing the turbulence. Anticyclonic conditions also have the effect of increasing aerosol content in the atmosphere by effectively trapping them in the lowest layers and enhancing stagnation; the lack of effective precipitation also means that the atmosphere is not cleansed. Moreover, an increase of AOD during warmer months is expected not only by local emission and transformation processes but by advection from remote sources such as continental Europe or North Africa . Similar seasonal patterns were also present for Bermuda a subtropical site in the North Atlantic Ocean (32 22 0 N). This site was considered to be not truly maritime all the time, due to influence of anthropogenic aerosols from North America and mineral dust from the Sahara. Fig. 4a shows the time-series of the daily mean a: an annual pattern is more strongly apparent than for AOD (Fig. 3) , with increasing values in late summer months (Fig. 4b) and lower values in autumn and winter months (this pattern is very clear in 2005). The mean annual a is 1.03 AE 0.21 (median 1.00). It is probable that marine aerosols are responsible for the average annual value and some of the annual pattern we have found. The absence of strong anthropogenic and desert aerosol sources in close proximity to Plymouth makes this hypothesis plausible.
Ångström wavelength exponent (a)
The AOD and a exponent are related: the higher summer turbidities are frequently related to the higher exponent means (slightly finer particles), the reverse being true in winter with coarser particles dominating. The finer summer time aerosols are related to the presence of air masses affected by anthropogenic particles. During the summer the cleansing action of precipitation, removing these aerosols from the atmosphere, may be less frequent or even effective. Humidity and water vapor columnar content can affect the relative size of the aerosols through hygroscopic phenomena, mainly in winter months.
Aerosol volume distributions (v(r))
Fig . 5 shows the seasonally averaged aerosol size distributions (v(r) ¼ dV/dln r) for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). The dots represent the experimental points and the lines a fit to a bimodal distribution:
where subscripts i ¼ 1,2 refer to the fine and coarse modes respectively; V the modal volume; s the size bin width and; r the aerosol radius. The R 2 value for the fit to Equation (5) is always greater than 0.95. Fig. 5 shows that the spring distribution has the highest fine , consistent with the minimum AOD. Although the fine mode is similar for both autumn and winter distributions, the modal volume and radius for the coarse mode is much larger in autumn, almost as high as in spring. Finally, it is worth noting that in winter, the coarse mode makes the dominant contribution to the total aerosol load. It has a comparable modal volume as the summer case. This is likely related to the generally low aerosol burden, with low variability found at Plymouth, but dominated by larger marine aerosols.
Refractive index (RRI and IRI) and single scattering albedo (SSA)
The uncertainty of the refractive index and single scattering albedo retrieval is generally high, with the highest uncertainties occurring when the aerosol burden is low. Kim et al. (2004) performed a sensitivity analysis and found that the difference between simulated and retrieved values of SSA was as high as 0.08 for low aerosol optical depths and zenith angles (0.2 and 30 respectively). Therefore, our retrievals must be taken with extreme care as the PML dataset is dominated by low AOD.
The real refractive index (RRI) shows a yearly mean value of 1.46, with an annual pattern with minimum values in summer (June and July, mean value of 1.42) and maximum values in winter. The imaginary refractive index (IRI) varies in the range À0.01 to 0.00, with an annual mean of À0.002. These are very low values and indicative of non-absorbing aerosols, expected in regions largely free from anthropogenic influence.
The SSA is an important parameter influencing the aerosol radiative forcing in the atmosphere and it is related to the absorption properties of the aerosols. Fig. 6a and b show the daily averages for the SSA in the visible band. The yearly mean SSA is 0.97 (median 0.98) with a standard deviation of about 0.01, lower than the inherent uncertainty (higher than 0.05 for AOD lower than 0.2 ). These high values of SSA are related to non-absorbing aerosols, and are consistent with main seaesalt aerosols or possibly hygroscopic particles covered by a thin layer of water. The main pattern is for lower values in the summer months and beginning of spring months. These low values could be related to episodic intrusions of darker aerosols of a more anthropogenic origin.
Comparing with values published in the literature, Smirnov et al. (2003) found a refractive index of about 1.37À0.001i, and a SSA around 0.98 for the maritime aerosol model. In spite of the high uncertainty and using different inversion algorithms, our absorption estimates (0.97 for maritime air masses) are quite comparable. In relation to the real part of the refractive index, our retrievals result in a higher annual mean (1.46).
Air mass origin influence
4.2.1. Classification of aerosol properties Fig. 7 shows the AOD and Ångström exponent classification in terms of back trajectories. There is a distinct air mass dependency on AOD with the maritime classes giving similar (low) values of 0.13e0.15, and the continental types giving the highest (0.14e0.34) consistent with a stronger source of terrestrial and anthropogenic particles.
The maximum air-mass classified AOD (mean 0.34, median 0.30) is reached for Tc. Air masses coming from southern Europe are the most turbid with particles originating from the drier soils of southern Europe and N. Africa; Saharan desert dust or particles originating in summer forest fires cannot be discounted. This air mass is most common during summer (June, July and August) and is caused by a high pressure system over northern or eastern Europe. This air-mass may be associated with high temperatures such as the 2003 summer heat wave which was associated with maximum aerosol concentration (Lyamani et al., 2006) . During winter such air masses are more stable and may be associated with persistent cloudiness, preventing sun photometric measurements.
Continental air masses Pc and Ac show much lower AOD values than the Tc case even for the highest percentiles (U75, U95 and Annual mean values in Plymouth are more similar to results from the maritime air masses than the continental ones, emphasizing the strong maritime influence. In contrast, the lowest exponent is reached for the Tc air masses (mean 0.83) indicative of coarser particles brought from drier continental soils or even the Sahara. Smirnov et al. (2003) proposed a maritime aerosol model based on AERONET data for three different island sites located in the Fig. 7 . Classification of daily means of (a) AOD at 500 nm and (b) a exponent in terms of the pure air masses. subtropical North Atlantic Ocean. To develop this aerosol model only data with AOD < 0.15 and a < 1.0 were used. The mean values obtained for marine air masses at Plymouth are below these maximum thresholds.
In a previous compilation performed by Smirnov et al. (2002) , a study of other oceanic sites including Bermuda was performed. In their study, the mean AOD at 500 nm found in the Atlantic site was 0.14, in close agreement with our findings for the three northern maritime air masses (0.13e0.15). On the other hand, the peak frequency of a in Bermuda was found to be 0.9, with a distribution skewed towards higher a. This is also consistent with our results ranging between 0.96 and 1.03. Therefore, AOD and a in Plymouth are higher than the Bermuda site due in part to the slight influence from continental and anthropogenic sources. Fig. 8 shows the daily volume distributions classified in terms of the seven air mass types. The three main north Atlantic classes have a similar minimum fine mode as no important urban or industrial sources are expected. The modal fine radius and volume concentration range from 0.11 to 0.12 mm, and 0.011 to 0.013 mm 3 mm À2 respectively. Smirnov et al. (2002) found a slightly higher fine modal radius (0.14 mm) . Our results exhibit slightly different coarse modes for the maritime air masses, the higher the latitude of the source, the lower the coarse mode is.
In contrast the Tc class has a much larger coarse mode (Vc ¼ 0.125 mm 3 mm À2 ) which drives the higher AOD and the lower Ångström exponent, although the modal radius is somewhat smaller (Rc ¼ 1.8 mm). This could possibly be related to mineral dust or continental aerosol influence from the south. The coarser particles are removed faster than the fine particles: a comparison with sites directly to the south could possibly elucidate a change in the modal radius. The modal volume is comparable to values found for places more influenced by direct dust intrusions and thus an interference of other causes (such as cirrus cloud contamination) cannot be disregarded. The Tc and Pc fine mode is quite similar. It is not clear however if this is due to the same type of aerosol. The Pc class is most probably composed of anthropogenic industrial or urban aerosols. The Tc class could also be influenced by a fine mineral mode.
Conclusions
A multiyear calibration, based on the improved Langley plot method (SKYIL), has been used for the processing of the eight year PML sun/sky photometric dataset. Although cloudy skies are frequent along the western English Channel coast, such a long dataset has allowed a thorough statistical characterization of the column integrated aerosol optical properties for this site.
The results show that the aerosol optical depth is generally midlow throughout the year, with an AOD at 500 nm of 0.18 AE 0.08. The Ångström wavelength exponent has an annual mean of 1.03 AE 0.21 with U95 of 1.53, indicative of a region only weakly affected by local or remote anthropogenic pollution. On the other hand, the annual percentile U5 of AOD is about 0.08, slightly higher than continental sites where low atmospheric moisture leads to very clear skies.
The AOD seasonal variation is not strong and the maximum period is smooth and well distributed along a plateau extending from March to October. The Ångström exponent and volume distributions shows also a size dependent annual pattern with higher values during the summer months, perhaps more affected by anthropogenic sources from continental Europe, given the absorption indexes retrieved here. The coarse mode is dominant for all the seasons except summer, when the fine mode dominates.
Atlantic air masses clearly dominate and are characterized by low AOD and the presence of coarser, possibly sea-salt, aerosols. Episodic influence of European polluted air masses is also apparent, although these are generally weak (mean AOD and wavelength exponent of 0.20 and 1.15, respectively), and when averaged over the year their influence on the climatology is weakened. The springesummer higher turbidities are possibly driven by transport from far southern Europe regions. Lack of precipitation, dryness of the continental surface, strong air turbulence in the boundary layer and atmospheric stability coupled with anthropogenic inputs are key to understanding the higher turbidity of tropical continental air masses, with an AOD and wavelength exponent of 0.34 and 0.83 respectively, constituting the maximum and minimum of the classification.
